Introduction
As with other colonic examinations, computed tomographic (CT) colonography requires a clean colon for optimal assessment of the bowel wall [1] [2] [3] [4] [5] . However, the necessary cathartic bowel preparation is often described by patients as the most burdensome part of colonic examinations [6] [7] [8] [9] . This might negatively affect patients' willingness to participate in a screening program. In 2001, limited bowel preparation for CT colonography with iodine-or barium-based contrast material for fecal tagging was introduced [10] . With fecal tagging, any fecal material in the colon is labeled so that colorectal polyps or cancer can be distinguished from fecal material. Because no extensive bowel cleansing is necessary, this approach might increase patient compliance in a screening setting [11] [12] [13] .
Feasibility studies with limited bowel preparation have revealed promising results [14] [15] [16] [17] [18] . In addition, results of one large diagnostic accuracy study by Iannaccone et al [19] showed a sensitivity of 90% (71 of 79) and specificity of 92% (114 of 124) for patients with polyps, regardless of polyp size. These results are similar or superior to those of accuracy studies in which a cathartic bowel preparation was used [1] [2] [3] [4] [5] .
To our knowledge, no confirmatory study on limited bowel preparation has been published since that of Iannaccone et al [19] . Therefore, the aim of our study was to prospectively evaluate the sensitivity and specificity of CT colonography with limited bowel preparation for the depiction of colonic polyps, by using colonoscopy as the reference standard.
Materials and Methods
This study received grant support from the Dutch Cancer Society (Koningin Wilhelmina Fonds) (No. CKTO 2003-02). The authors retained control of all aspects of the study.
Patients
Patients with a personal or family history of colorectal polyps or cancer were invited to participate from January 10, 2004 , until November 10, 2005 . All patients were scheduled to undergo routine colonoscopy at the endoscopy department of the Academic Medical Center or the Onze Lieve Vrouwe Gasthuis. Exclusion criteria were age younger than 18 years, a personal history of inflammatory bowel disease or familial adenomatous polyposis, prior allergic reaction to an iodine-containing contrast agent, known colorectal polyps that were not removed at prior endoscopy, or participation in a research project that involved ionizing radiation within 12 months preceding CT colonographic examination. The institutional review boards of both hospitals approved the study. All patients gave written informed consent. Information about radiation associated with the examination was given to all patients before written consent was obtained.
Diagnostic Procedures

Bowel preparation
Patients were instructed not to eat high-fiber foods for 2 days before the examination. A combination of 80 mL of barium sulfate suspension (Tagitol V; E-ZEm, Westbury, NY) and 180 mL of diatrizoate meglumine (200 milligrams of iodine per milliliter, prepared by hospital pharmacy, Academic Medical Center) was prescribed for fecal tagging (Table 1) . Bisacodyl (30 mg, prepared by hospital pharmacy, Academic Medical Center) was given to soften fecal material for optimal contrast material and feces mixing and to avoid solid, sticky stool.
CT colonographic image analysis CT colonographic data were evaluated for colorectal polyps and carcinoma independently by two observers who were blinded to clinical data. Observer 1 (J.P.) had 5 years of experience as an abdominal radiologist and had received training consisting of 50 cathartic untagged and 20 limited preparation tagged CT This classification was also used by MacCarty et al [20] . Furthermore, a research fellow in CT colonography (S.J.) who was not involved in evaluation of the CT colonographic assessed the nature of false-positive findings 10 mm or larger (eg, untagged stool or haustral folds).
Patient experience and preference
To evaluate patient experience, we asked patients to fill out a questionnaire on the day of the CT colonographic examination. Patients were asked if they had experienced diarrhea as a side effect and graded it on a five-point scale (none, mild, moderate, severe, extreme, with 0 indicating none and 5 indicating extreme).
Furthermore, the overall burden of the complete preparation was evaluated on the same scale. Patient preference was assessed 5 weeks after colonoscopy. This, like adverse reactions to tests, tends to temper with time [7, 8] , and the attitude at that time point will better reflect the attitude toward future screening. Patients were asked if they had experienced the bowel preparation for CT colonography or that for colonoscopy as most burdensome and if they would prefer CT colonography or colonoscopy in the future as the colonic examination of choice.
Statistical Analysis
Outcome parameters
Observers were instructed before the start of the study that only polyps at CT colonography that were matched to true polyps (i.e., adenomatous, hyperplastic, or hamartomatous polyps) on the basis of the histological report or, if histological findings were not acquired, on the basis of the endoscopic report would be considered true-positive findings. All other lesions at CT colonography that were matched to polypoid lesions at colonoscopy that have no malignant potential (e.g., lipomas or pseudopolyps) would be classified as false-positive findings. For CT colonography, a patient was considered to have a true-positive finding if CT colonography depicted at least one polyp seen at colonoscopy, on the basis of the location and size criteria described previously. A patient was considered to have a false-negative finding if CT colonography depicted no polyps or only those of a lower size category in comparison to those depicted with the reference standard.
Sensitivity, specificity, and positive and negative predictive values were calculated for CT colonography on a per-patient basis and were stratified according to polyp size (all sizes, 6 mm, 7 mm, 8 mm, 9 mm, and 10 mm, as well for the size range 6-9 mm). Per-patient sensitivity was calculated for blinded colonoscopy. For calculation of the per-polyp sensitivity for CT colonography and blinded colonoscopy, generalized estimating equations (GEE) were used to revise the data clustering and dependency (21) because some patients had more than one polyp. For CT colonography, the number of false-positive findings was calculated on a per-lesion basis. For the perpolyp sensitivity and false-positive findings, data were also stratified according to polyp size (all sizes, 6 mm, 7 mm, 8 mm, 9 mm, and 10 mm, as well for the size range 6-9 mm). P values less than .05 were considered to indicate statistically significant differences.
Results
Patients
Of 468 eligible patients who were scheduled to undergo colonoscopy during the inclusion period, 180 participated in the study. Twelve (7%) of 180 patients were excluded for different reasons, which left 168 patients for analysis (Fig 1, Table 2 ).
Colonoscopy
Blinded and unblinded colonoscopic results revealed that 45 (27%) of 168 patients had a polyp 6 mm or larger and 17 (10%) patients had a polyp 10 mm or larger. Table 3 shows results of histological and morphological characterization, subdivided for lesions 6-9 mm and 10 mm or larger. No colorectal carcinomas were found. Blinded colonoscopy revealed a lesion 6 mm or larger in 41 (91%) of 45 patients and a polyp 10 mm or larger in 15 (88%) of 17 patients (Table 4) .
CT colonography
The mean scanner-room examination time for patients was 21 minutes (range, 13-48 minutes). Buscopan was administered in 144 patients, glucagon was administered in 21, and three patients received no spasmolytic agent. Eighty-eight patients were scanned with 50 mAs, and 80 patients were scanned with 70 mAs. The average amount of carbon dioxide insufflated was 3.9 L (range, 2.0-8.0 L). No complications occurred.
Interpretation time
Observer 1 needed significantly more time to evaluate a complete study than observer 2: a mean interpretation time of 18 minutes (95% confidence interval: 17, 18 minutes) versus a mean interpretation time of 13 minutes (95% confidence interval: 12, 14 minutes) (P < .001).
Per-patient analysis
No patient had more than one polyp 10 mm or larger. The consensus reading resulted in 34 (76%) of 45 patients with a lesion 6 mm or larger, 20 (71%) of 28 patients with a 6-9-mm lesion, and 14 (82%) of 17 patients with a lesion 10 mm or larger (Table 4, Fig 2) . Specificity was 79% (97 of 123) for the identification of patients with a lesion 6 mm or larger, 81% (113 of 140) for the identification of patients with lesions 6-9 mm, and 97% (146 of 151) for the identification of patients with a lesion 10 mm or larger (Table 4) .
No significant differences in detection rates were observed between the consensus reading (CT colonography) and colonoscopy (all P values, .070). Colonoscopy did help identify significantly more patients with a lesion of any size than did observers 1 (P < .001) and 2 (P < .001) and significantly more patients with a lesion 6-9 mm (P = .012) or 6 mm or larger (P = .008) than did observer 2. No other significant differences in detection rates were found between colonoscopy and separate observers (all P values, .057). Furthermore, no significant differences in sensitivities or specificities were observed between consensus reading and observers (sensitivity:
all P values, .063; specificity: all P values, .092) or between separate observers (sensitivity: all P values, .267; specificity: all P values, .115). The consensus reading resulted in 34 (76%) of 45 patients with a polyp 6 mm or larger, in comparison to 29 (64%) of 45 patients for observer 2 (P = .267); no increase was observed compared with observer 1. With regard to larger lesions, the consensus reading resulted in the identification of 14 (82%) of 17 patients with a polyp 10 mm or larger, in comparison to 13 (76%) of 17 patients for observer 1 (P > .99) and 12 (71%) of 17 patients for observer 2 (P = .50). Table 5 shows negative and positive predictive values.
Per-polyp analysis
With regard to the three missed lesions 10 mm or larger (two flat polyps-one in the transverse and one in the ascending colon-and one sessile polyp in the ascending colon), no perception or technical errors were observed for the consensus reading (Table 6 , Fig 3) . Two (33%) of the six false-positive findings for lesions 10 mm or larger were matched to polypoid lesions at colonoscopy: an inverted appendix stump (Fig 4) and a mucosal bleb (cecum); one finding proved to be a lipomatous ileocecal valve, and three findings were attributed to poorly tagged stool. In general, detection rates for colonoscopy were better for lesions 6 mm or larger and 6-9 mm lesions (Table 6 ).
For the other size thresholds, no significant differences in per-polyp sensitivity were found between CT colonography (consensus or observer 1 or observer 2) and colonoscopy (all P values, .101), except for observer 2, whose detection rates were lower for lesions 7 mm or larger (P = .016). All data on per-polyp sensitivity values, with significant corresponding P values for all comparisons (colonoscopy vs consensus reading, colonoscopy vs observer 1, colonoscopy vs observer 2, consensus reading vs observer 1, consensus reading vs observer 2, and observer 1 vs observer 2), are provided in Table 6 .
Interobserver agreement Note -Data are number of patients and sensitivity with in parenthesis 95% confidence intervals. a colonoscopy detected significant more lesions of all sizes than observer 1 and 2 (p<0.001, p<0.001). b observer 1 detected significant more lesions of all sizes than observer 2 (p=0.008). c colonoscopy detected significant more lesions 6-9mm than consensus, observer 1 and 2 (p=0.006, p=0.007, p<0.001). d consensus and e observer 1 detected significant more lesion 6-9mm than observer 2 (p=0.009, p=0.024). f colonoscopy detected significant more lesions 6mm than consensus, observer 1 and 2 (p=0.008, p=0.008, p<0.001). g consensus and h observer 1 detected significant more lesions 6mm than observer 2 (p=0.003, p=0.024). i colonoscopy and j consensus detected significant more lesions 7mm than observer 2 (p=0.016, p=0.010).
This resulted in a per-segment agreement of 98% (977 of 1000 segments) and a corresponding very good p value of 0.96. For lesions 6 mm or larger, the persegment agreement was 94% (940 of 1000 segments), with an associated p value of 0.88.
Image quality
Four (2%) of 172 evaluated studies were considered non-diagnostic because of poor tagging and were therefore excluded from analysis (Fig 1) . The radiologist evaluated stool tagging as good in 160 (95%) of the 168 included studies and as adequate in seven (4%) of 168 studies. In one (1%) of 168 studies, image quality was rated as poor, with untagged solid stool less than 6 mm. Figure 5 shows different tagging examples.
Patient experience and preference
Diarrhea was present in 152 (93%) of 163 patients who filled out the questionnaire with regard to diarrhea ( Table 7) . From among the 165 patients who returned the questionnaire after 5 weeks, 144 (87%) rated the bowel preparation for colonoscopy as more burdensome than the bowel preparation for CT colonography. With regard to patient preference, 114 (70%) of 164 patients preferred CT colonography to colonoscopy, 13 (8%) were indifferent, and 36 (22%) favored colonoscopy as a colonic examination. *11 patients experienced no diarrhea, 5 patients did not fill out the questionnaire with regard to the burden of diarrhea. # 2 patients did not fill out the questionnaire with regard to the overall burden of the bowel preparation.
Discussion
Our study results had a sensitivity for the consensus reading of 76% (34 of 45) and 82% (14 of 17) for patients with a colorectal polyp 6 mm or larger and those with a polyp 10 mm or larger, respectively. Detection rates were higher for colonoscopy, foroth patients with a polyp 6 mm or larger (41 [91%] of 45) and patients with a lesion 10 mm or larger (15 [88%] of 17), than those at CT colonography, but this Figure shows different levels of homogeneity of stool tagging. 5a was evaluated as good stool tagging; a 15mm adenomatous polyp is visible in the sigmoid colon (arrow); 5b shows adequate tagging; 5c is an example of poor tagging in the sigmoid but the examination was considered diagnostic for lesions 6mm; 5d shows poor tagging and this patient was excluded because our reviewers rated this examination as non-diagnostic. and 98% (977 of 1000) for lesions 6 mm or larger and lesions 10 mm or larger, respectively.
Our ability to identify patients with lesions 6 mm or larger and those with lesions 10 mm or larger was not as good as in the study by Iannaccone et al [19] , in which sensitivity ranged from 90% (44 of 49) for patients with a polyp 6 mm or larger to 100% (24 of 24) for patients with a polyp 10 mm or larger. These differences in accuracy could be explained by interpretation problems, but could also possibly be at least partly explained by visualization problems. An argument in favor of an interpretation problem is that the observers in our study were less experienced (70 and 120 cases) than those in the other study (100, 200, and 300 cases, respectively, for the three observers). Although we believe that a higher level of experience might have improved the detection of medium-size (6-9-mm) polyps, this is not an adequate explanation for the difference with regard to the detection rates of lesions 10 mm or larger. Namely, no lesions 10 mm or larger that were missed at the consensus reading were visible in retrospect. Therefore, the problem with the identification of polyps 10 mm or larger seems to be a visualization rather than an interpretation problem.
There are two major differences between both studies that can possibly explain these visualization errors. First, we used a different bowel preparation with a lower dose of diatrizoate meglumine but added barium and bisacodyl. In theory, inhomogeneous tagging might result in the masking of true lesions. However, stool tagging was considered good in 160 (95%) of 168 of the studies, including the cases with missed lesions, and only four studies were excluded because of poor stool tagging.
Therefore, we do not believe that our tagging regimen was the cause of the visualization errors. Second, we investigated only patients at increased risk for colorectal cancer, while the other study had a mixed population, of which 106 (52%) of 203 were high-risk patients. Recently, MacCarty et al [20] suggested that patients at increased risk who regularly undergo colonoscopy tend to have lesions that are hard to detect with CT colonography because easy-to-see lesions are detected and removed at previous colonoscopic examinations, while less conspicuous lesions remain in situ. Van Gelder et al [5] , who studied a patient group comparable to ours, found one-third (14 of 48) of polyps 10 mm or larger to be flat, and 71% (10 of 14)
of these flat polyps were missed at CT colonography. In our study, four (24%) of the 17 polyps that were 10 mm or larger were flat, and two (50%) of these were missed.
Our results underscore the findings of MacCarty et al; this indicates that CT colonography with fecal tagging might therefore perform better in screening populations (e.g., patients at average risk who have not previously undergone screening with colonoscopy). The relatively high number of 42 false-positive findings by using 6 mm as a size threshold was somewhat disappointing because fecal tagging is supposed to be associated with a lower rate of false-positive findings because stool is not mistaken for polyps [15, 17, 24] . The actual polyp size threshold for colonoscopy referral in a screening setting is still debated, but many institutions consider a size threshold of 6 mm clinically relevant.
An explanation for our high number of false-positive findings in this category is that although stool tagging was homogeneous, the average volume-rendering effect at a section thickness of 3. . We applied a double-reading strategy (consensus reading for discrepant lesions) for lesions 6 mm or larger. Although this is a time-consuming and costly strategy, it has been suggested to improve sensitivity [4] . Although a higher detection rate for the consensus reading compared with that for the separate observers was observed, no significant improvement was found by using double reading (P .063). Alternatives to a double reading by radiologists are computed-aided detection [25, 26] or the deployment of radiographers [27, 28] .
The radiologist needed significantly (P < .001) more time to review the cases in comparison to the radiology fellow (18 vs 13 minutes). An explanation is that the research fellow had more experience in CT colonography prior to the study than the radiologist (120 vs 70 cases). However, the longer review time might also reflect a more careful evaluation of the data by the radiologist. This can be substantiated by the fact that higher sensitivities were calculated for the radiologist than for the research fellow. Some limitations of our study should be considered. A cohort of 168 patients at increased risk for colorectal carcinoma was evaluated in our study. Our results can therefore not be extrapolated to a screening setting of patients at average risk for developing colorectal cancer. Two observers were used in our study, and although interobserver variability was high, the use of two observers might limit generalizibility of our data. Relatively short training of 70 cases for the radiologist and 120 cases for the radiology fellow was applied, and this is probably not enough to achieve a high level of competence with a primary two-dimensional evaluation method [29] . We used a section thickness of 3.2 mm with our four-section CT scanner to enable scanning in one breath hold, and thin collimation is associated with better accuracy in the clean colon [30] [31] [32] . Presumably, thin collimation is also important in the limitedly prepared colon because inhomogeneously tagged stool can be better differentiated from polyps, which subsequently lowers false-positive rates and improves detection of particularly flat polyps. Finally, a disadvantage of using a limited bowel preparation for CT colonography in comparison to using a cathartic bowel preparation is that same-day colonoscopy for polyp removal cannot be performed.
In conclusion, we report that CT colonography with limited bowel preparation in a population at increased risk for colorectal cancer had a sensitivity and specificity of 82% (14 of 17) and 97% (146 of 151), respectively, for patients with polyps 10 mm or larger. These results are in line with those of performance studies with extensive bowel preparation [4, 5] . Because a cathartic bowel preparation could potentially be a deterrent to screening, we believe that limited bowel preparation can be of value for the implementation of CT colonography as a screening technique for colorectal polyps and cancer.
